Allergic responses are Th2-and IgE-mediated immune responses that evolved to protect against environmental substances and parasites. However, these responses can also lead to allergy when inadvertently activated by noninfectious environmental antigens and cause harmful symptoms such as itching, inflammation, or tissue injury. As to our current understanding, mast cells are at the center of allergic responses (Galli et al., 2005; Bischoff, 2007) . Mast cells are BM-derived hematopoietic cells localized under surfaces exposed to the external environment, such as the skin, airways, and intestine. They function as sentinel cells in host defense reactions including immediate hypersensitivity responses and allergic responses (Galli et al., 2005) . Activated mast cells trigger allergic responses by releasing preformed granule-associated chemical mediators, producing multiple cytokines and chemokines, and secreting de novo synthesized arachidonic acid metabolites and various proteins (Metcalfe et al., 1997; Bischoff, 2007) .
Mast cells recognize antigens via IgE and specific Fc receptors, termed FcRI. Binding of multivalent antigen to FcRI-bound IgE induces receptor aggregation and triggers mast cell activation (Kinet, 1999; Siraganian, 2003) . FcRI is expressed on the surface of mast cell as a tetrameric complex consisting of an IgE-binding  subunit, a signal-modulating  subunit, and two signal-transduction  subunits (Kraft and Kinet, 2007) . The signaling cascades elicited by FcRI aggregation in mast cells have been extensively studied (Kalesnikoff and Galli, 2008) . Briefly, the conserved immunoreceptor tyrosinebased activation motifs (ITAMs) within the cytoplasmic tails of the  and  subunits are rapidly phosphorylated upon FcRI stimulation in a Lyn-dependent manner (Garman et al., 1999; Kinet, 1999) . Then another tyrosine kinase, Syk, binds to the tyrosine-phosphorylated ITAMs and initiates the principal axis pathway that includes Grb2, PLC-1, and SLP-76 (Gilfillan and Tkaczyk, 2006; Rivera and Gilfillan, 2006) , which ultimately lead to the activation of downstream signaling cascades including mitogen-activated protein kinases, protein kinase C pathways, and calcium flux.
During this signaling process, two similar adaptor proteins, linker for activation of T cells family, member 1 (LAT1) and LAT2, are both phosphorylated, resulting in the formation of two complementary and competitive signalosome complexes known as the LAT1 signalosome and the LAT2 signalosome. Both of these membrane adaptors recruit principal axis-related molecules including Grb2, SOS, PLC-1, SLP-76, and Vav1. The essential role of LAT1 in mast cell activation is clear because LAT1 deficiency markedly attenuates mast cell responsiveness. However, the function of the LAT2 signalosome in RcRI signaling is still an enigma to many immunologists. In general, LAT2 may down-regulate antigen-mediated signaling in mast cells by either competing with LAT1 for a limited pool of signaling molecules or recruiting of phosphatases and ubiquitin-ligases such as SHP-1 and c-Cbl (Gu et al., 2001; Brdicka et al., 2002; Volná et al., 2004; Rivera, 2005) . On the contrary, LAT2 has also been found to compensate for the loss of LAT1 in the Lat1 / background (Volná et al., 2004; Zhu et al., 2004) , either through activation of the principal axis pathway with lower efficiency, or by recruiting another adaptor protein, Gab2, to facilitate Fyn-Gab2-PI3K-Akt signaling termed the complementary axis (Gilfillan and Tkaczyk, 2006; Kalesnikoff and Galli, 2008; Alvarez-Errico et al., 2009 ).
The current model of LAT1 and LAT2 activation raises another unavoidable question of what determines the recruitment of the same pool of signaling molecules to two different adaptor proteins, namely LAT1 and LAT2, with such high similarity in sequence and structure. It is still unclear whether there is a shunt to modulate the allocation of the signal molecules to these different signalosomes. If such a regulator were found, it would be an attractive target for pharmacological intervention for fine-tuning allergic responses and the treatment of mast cell-driven disorders such as allergic asthma.
Recently, we identified a novel adaptor protein, Tespa1 (thymocyte-expressed, positive selection-associated 1), which plays a critical role in the positive selection of thymocytes (Wang et al., 2012) . KO mice have fewer mature thymic CD4 + and CD8 + T cells due to impaired thymocyte development. We later demonstrated that Tespa1 associates with the TCR signaling components Grb2 and PLC-1, which in turn facilitates TCR signal transduction (Wang et al., 2012) . Other than in T cells, Tespa1 is also highly expressed in mast cells, as demonstrated by both real-time PCR analysis and the BioGPS gene expression atlas database (Su et al., 2004) , suggesting a potential role of Tespa1 in mast cells.
To our great surprise, KO mast cells showed hyperresponsiveness to FcRI stimulation, which is evidenced by enhanced cytokine production, degranulation, calcium mobilization, and elevated activation of downstream signaling pathways. Consistently, KO mice developed exacerbated anaphylactic response and allergic asthma. Our data revealed an unexpected 
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of 15 mediators using Bio-Plex Suspension Array analysis and further confirmed the up-regulated production of these mediators in the absence of Tespa1 (unpublished data). Collectively, these data demonstrated that Tespa1 negatively regulates the cytokine and chemokine production in mast cells upon FcRI aggregation.
Enhanced FcRI-mediated degranulation and migration of KO mast cells FcRI-mediated BMMC activation also leads to rapid secretion of preformed inflammatory mediators such as histamine and arachidonic acid metabolites, referred to as degranulation (Metcalfe et al., 1997; Galli et al., 2008) , which is also coupled with surface exposure of CD107a. We first found more pronounced up-regulation of CD107a cell surface expression in KO BMMCs upon FcRI aggregation than in the WT control (Fig. 3 a) . Next, we found that the release of histamine and leukotriene C4/D4/E4 was increased in KO BMMCs upon stimulation with suboptimal doses of allergen (Fig. 3 , b and c). We further measured the release of -hexosaminidase, a protein stored in preformed mast cell granules, and found that Tespa1 deficiency resulted in a substantial increase of allergen-elicited release of -hexosaminidase from mast cells stimulated with DNP-BSA (Fig. 3 d) . Degranulation is coupled with cytoskeletal rearrangement which can be monitored by xCELLigence, a microelectronic cell sensor-based technology (Abassi et al., 2004) . BMMCs were cultured on the fibrinogen-coated surface of microelectronic cell sensor arrays integrated into the bottom of microtiter plates. The electrical properties reflect the impedance between cell membrane and members, TLR2 and TLR4, were also unchanged in the Tespa1-deficient BMMCs (unpublished data). The KO mast cells did not differ morphologically from WT mast cells, as assessed by both Alcian blue-Safranin O staining and electron microscopy ( Fig. 1, b and c) . In vivo, the numbers of mast cells in back skin were not significantly altered in the KO mice compared with the WT controls when enumerated histologically after toluidine blue staining (Fig. 1, d and e).
Elevated FcRI-mediated cytokine and chemokine production in KO mast cells Engagement of the FcRI receptor leads to the production of multiple cytokines and chemokines that play important roles in mast cell functions and allergic response. To determine whether Tespa1 is involved in the regulation of FcRI-mediated cytokine and chemokine production, WT and KO BMMCs were sensitized with anti-DNP IgE and stimulated with DNP-BSA. Real-time PCR analysis showed dramatically and significantly increased expression of cytokine and chemokine mRNAs in the KO mast cells upon FcRI aggregation. Those included Th2-related cytokines, inflammation-related cytokines, and chemokines. The production of immune regulation-related cytokines (including IL-10 and IL-2) was also significantly increased. However, the FcRI-mediated production of TGF- and Th1-related cytokines (including IFN- and IL-12) remained unaltered in the absence of Tespa1 (Fig. 2 a) . Subsequent ELISA assay of the culture supernatant confirmed the significantly increased FcRI-mediated secretion of IL-4, IL-5, IL-13, IL-6, TNF, and MCP-1 by KO mast cells (Fig. 2 b) . We also profiled the FcRI-mediated production PSA response. Neither WT nor KO mice injected with PBS showed any rectal temperature change. In contrast, mice challenged with DNP-BSA showed an evident rectal temperature drop by 20-25 min after injection, and a greater temperature drop occurred in KO mice than in WT mice (Fig. 4 a) . Consistently, the anaphylactic response-elicited release of histamine and MCP-1 were significantly elevated in the serum of KO mice compared with the WT controls (Fig. 4 b) .
The second model was passive cutaneous anaphylaxis (PCA) in the ear and back skin, which typically develops in the late phase (2-6 h) after allergen exposure. PCA was elicited by subcutaneous injection of anti-DNP IgE into the ear or back skin. After 24 h, mice received DNP-BSA together with Evans blue dye via intravenous injection. The ear swelling in KO mice was significantly greater than that in WT mice during most of the entire 22-h observation period (Fig. 4 c) . Histological analysis of ear sections at 22 h after allergen exposure also confirmed the enhanced swelling in KO mice (Fig. 4 d) . Both visual inspection of the back skin (Fig. 4 e) and spectrophotometric quantification of Evans blue dye extracted from the reaction site of sensor surface. This represents the cytoskeletal changes during mast cell activation and was quantitatively and continuously recorded. We found that Tespa1 deficiency markedly increased the normalized cell index of BMMCs, which correlated well with enhanced degranulation (Abassi et al., 2004; Fig. 3 e) . Migration is another cardinal feature of FcRI-induced mast cell activation (Galli et al., 2005; Xiao et al., 2011) . IgEsensitized WT BMMCs were attracted toward the allergen, whereas this response was enhanced in KO BMMCs (Fig. 3 f ) . Together, these data indicated that Tespa1 negatively regulates FcRI-mediated BMMC degranulation and migration.
Enhanced anaphylactic and allergic responses in KO mice
To evaluate the role of Tespa1 in mast cell activation in vivo, passive anaphylaxis was assessed in two models. The first model was passive systemic anaphylaxis (PSA), an IgE-mediated type I immediate hypersensitivity reaction. WT and KO mice were sensitized with anti-DNP IgE and then intravenously injected with DNP-BSA to elicit an anaphylactic response. Rectal temperature was recorded as a monitor of the magnitude of the cells as judged by histological enumeration after toluidine blue staining in the mesenteric window and glandular stomach (Fig. 5, . Collectively, these data suggested that Tespa1 negatively regulates IgE-mediated mast cell activation in vivo and therefore suppresses the anaphylactic responses.
To further clarify the role of Tespa1 in the pathogenesis of other allergic diseases, we used a mast cell-dependent airway inflammation model. According to the established protocol (Williams and Galli, 2000; Izawa et al., 2012) , mice received back skin (Fig. 4 f) demonstrated an enhanced PCA response in KO mice compared with WT controls.
To confirm that our in vivo findings resulted from Tespa1 deficiency in mast cells, PSA experiments were introduced in mast cell-deficient Kit w-sh/w-sh C57BL/6 mice reconstituted with either WT or KO BMMCs for 16 wk. The mice reconstituted with KO BMMCs showed a significantly enhanced PSA compared with the mice reconstituted with WT BMMCs, despite similar mast cell reconstitution by both WT and KO Mice were sensitized intradermally with anti-DNP IgE or PBS, and then challenged 24 h later with DNP-BSA in PBS/Evans blue and skin was examined visually (n = 6 per genotype). Bar, 2.5 mm. (f) Evans blue dye was extracted in formaldehyde from the reaction sites in e, and quantified as absorbance at 610 nm. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student's t test). Data are representative of three (a-d) or two (e and f) experiments (mean and SD in a-c and f).
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fluid (BALF) from challenged mice (Fig. 5 e) . In addition, KO mice exhibited more IL-4, IL-5, and IL-13 in BALF than WT mice (Fig. 5 f) . Kit w-sh/w-sh C57BL/6 mice intravenously transplanted with WT or KO BMMCs were also used 16 wk after transplantation. KO mast cell-reconstituted Kit w-sh/w-sh mice exhibited enhanced airway inflammation as evidenced by H&E and PAS staining (Fig. 5 g ). KO mast cell-reconstituted an intranasal challenge with OVA after sensitization to OVA without adjuvant. Hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) staining revealed increased peribronchiolar inflammatory cell infiltration and enhanced hyperplasia of mucus-secreting goblet cells (PAS + ) in medium and large bronchioles from KO mice (Fig. 5 d) . Tespa1 deficiency also increased the inflammatory cells accumulated in the bronchoalveolar (e and h) Numbers of total cells (total), eosinophils (Eos), neutrophils (Neu), lymphocytes (lym), and macrophages (Mac) in BALF. (f and i) Amounts of IL-4, IL-5, and IL-13 in BALF as measured by ELISA. Data are representative of two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student's t test).
significantly changed in mast cells derived from WT and KO mice (not depicted and Fig. 6 a) . Next, we detected the phosphorylation of both LAT1 and LAT2 after FcRI engagement. LAT1 phosphorylation was slightly higher in KO BMMCs after stimulation (Fig. 6 b) . Statistical densitometric analysis of three experiments revealed an increase in the phosphorylation of LAT1 in KO BMMCs at 2 and 5 min after stimulation (Fig. 6 c) . However, the phosphorylation of LAT2 remained unaltered in the absence of Tespa1 (Fig. 6 b) . In addition, a mild change of PLC-1 and Vav phosphorylation in KO BMMCs was also found (Fig. 6 b) . Interestingly, Tespa1 deficiency resulted in subtly decreased phosphorylation of the phosphatases SHIP1 and SHP1, which can negatively regulate mast cell activation (Gilfillan and Tkaczyk, 2006; Fig. 6 b) . Moreover, Kit w-sh/w-sh mice also showed greater numbers of inflammatory cells in BALF, caused primarily by increased eosinophils (Fig. 5 h) , and increased levels of cytokines in BALF compared with WT mast cell-reconstituted Kit w-sh/w-sh mice (Fig. 5 i) .
Altered FcRI signaling events in KO BMMCs
The data above indicated that Tespa1 negatively regulates FcRI-mediated mast cell activation both in vitro and in vivo. We next examined the activation of intracellular signaling pathways by FcRI in WT and KO BMMCs. Mast cells were sensitized with anti-DNP IgE, followed by DNP-BSA crosslinking for different time periods before Western analysis. The overall tyrosine phosphorylation and activation status of the FcRI-proximal tyrosine kinases Lyn and Syk were not also markedly increased in Tespa1-deficient BMMCs. In addition, the phosphorylation of Gab2 was more rapidly increased in KO BMMCs than in WT BMMCs (Fig. 6 e) . These data suggested perturbation of both the FcRI-induced principal axis (Grb2/PLC-1/SLP-76/MAPK) and the complementary axis (Gab-2/PI3K/Akt) in the absence of Tespa1.
A transient increase of intracellular calcium is essential for the degranulation in mast cells after allergen exposure (Gilfillan and Tkaczyk, 2006; Baba et al., 2008) . Both the principle and complementary axis could influence the calcium influx during mast cell activation. As expected, we found that BMMCs from KO mice had much higher levels of FcRI-elicited calcium flux than did WT BMMCs (Fig. 6 f) , consistent with the enhanced a slightly increased SHP2 phosphorylation was also found in the absence of Tespa1, which is considered to be a positive regulator of FcRI signaling (Brockmeyer et al., 2011; Paster et al., 2013; Fig. 6 b) . Compared with the aforementioned subtle changes of phosphorylation, Tespa1 deficiency resulted in a more striking enhancement in the activation of distal signaling, including the activation of the mitogen-activated protein kinases Erk, Jnk, and p38 (Fig. 6 d) , which are widely reported to be critical for the FcRI-dependent cytokine and chemokine production by mast cells (Teramoto et al., 1997; Saitoh et al., 2003; Gilfillan and Tkaczyk, 2006) . To our great surprise, the phosphorylation of FcRI-induced complementary axis downstream molecules-Akt and the inhibitor IB-was LAT2 signalosomes, facilitating either the principal or the complementary signaling pathway. To test this speculation, we first observed the subcellular localization of Tespa1 in mast cells. Confocal microscopy showed a dispersed pattern of Tespa1 in the cytosol of ready-state sensitized BMMCs. After stimulation with DNP-BSA for 5 and 10 min, Tespa1 clearly translocated to the plasma membrane (Fig. 7 a) and showed substantial colocalization with Grb2 and LAT2 by 10 min, which suggested that Tespa1 might be involved in the LAT2 signalosome upon FcRI engagement in mast cells. To a less extent, we also observed colocalization of Tespa1 and LAT1 by 10 min after mast cell activation (Fig. 7 b) . To confirm this binding preference, we then used a fluorescence resonance energy transfer (FRET) assay to assess the relative proximity of Tespa1 and LAT1 or LAT2 in live cells. In COS-7 cells, coexpression of YFP-Tespa1 and Grb2-CFP produced FRET, which demonstrated an association between Tespa1 and Grb2 (Fig. 7, c and d) . More degranulation in KO BMMCs. In sum, these data suggested that the negative regulation of mast cell activation by Tespa1 involves changes in FcRI signaling.
Preferential association of Tespa1 with LAT2, rather than with LAT1, in mast cell activation Although the interplay between the LAT1 and LAT2 signalosomes is still not clear, with the previous paradoxical data ( Alvarez-Errico et al., 2009; Fu et al., 2009 ), many reports converge to a model suggesting that both LAT1 and LAT2 could facilitate the principle axis (Grb2/PLC-1/SLP-76/Vav), but the complementary axis (Gab-2/PI3K/Akt) in mast cell activation mainly depends on LAT2 (Rivera, 2005; Gilfillan and Tkaczyk, 2006; Alvarez-Errico et al., 2009 ). Based on perturbation of both the principal and complementary axes in Tespa1-deficient BMMCs, we speculate that Tespa1 might preferentiality orchestrate the assembly of both the LAT1 and importantly, coexpression of YFP-Tespa1 and LAT2-CFP produced significantly greater FRET than did coexpression of YFP-Tespa1 and LAT1-CFP, indicating that Tespa1 was in close proximity to LAT2 but not LAT1 in living cells (Fig. 7,  c and d) . Detectable FRET between CFP-SLP-76 and YFPNck was taken as a positive control, and little or no detectable FRET between YFP-Nck and free CFP or between CFP-SLP-76 and free YFP was taken as a negative control (Fig. 7,  c and d) . To further determine which signalosome Tespa1 was involved with, we next performed coimmunoprecipitation analysis. The results showed that Tespa1 associated with Grb2 and PLC-1 after DNP-BSA stimulation in a time-dependent manner in BMMCs. Strikingly, prolonged FcRI engagement also induced an enhanced association of Tespa1 with LAT2 but not with LAT1 in BMMCs, which suggested the preferential involvement of Tespa1 with the LAT2 signalosome during mast cell activation (Fig. 8 a) . When we cotransfected Flag-Tespa1 with both GFP-LAT1 and GFP-LAT2 in HEK293 cells, we also found that the association of Tespa1 with LAT2 is much more than that with LAT1, regardless of the precipitation antibody (anti-Flag or anti-GFP; Fig. 8, b and c). These data provided direct evidence that Tespa1 preferentially associates with LAT2 rather than LAT1 in both cell lysates and living cells.
Tespa1-deficient BMMCs show skewed LAT1 signalosome assembly compared with LAT2 upon FcRI stimulation
The data above suggested the involvement of Tespa1 in the LAT2 signalosome. We next checked whether it could orchestrate the synergy and balance between LAT2 and LAT1 signalosome-related individual downstream signaling events. We first showed that Tespa1 was mainly expressed in the nonlipid rafts of BMMCs (Fig. 8 d) . Then we observed the localization of LAT1 and LAT2 to lipid rafts in WT and KO BMMCs but found no substantial differences either in Triton-or Brji 96-solubilized cells (Fig. 8, e and f) . However, in subsequent coimmunoprecipitation assays to detect the assembly of principal axis-related signaling molecules, we found that Tespa1 deficiency led to more Grb2, PLC-1, and SLP-76 associated with LAT1 but less association with LAT2 upon FcRI stimulation (Fig. 9 a) . Again, we detected an association between LAT2 and Tespa1 at an early time point after BMMC stimulation but not an obvious association between LAT1 and Tespa1 (Fig. 9 a) . We also found a very mildly increased association between SHP2 and Grb2, which suggested a limited contribution of SHP2 to the phenotype of Tespa1-deficient BMMCs (Fig. 9 a) . It has been reported that Tespa1 protein in T cells is retarded toward a high molecular weight area on the immunoblot upon treatment with ionomycin, which suggests a modification of Tespa1 protein during signaling transduction . To confirm whether a similar retardation of Tespa1 protein occurred in our system, we used the whole blot for detection with our Tespa1 antibody. The result showed no evident retardation of Tespa1 protein on the immunoblot upon FcRI stimulation (Fig. 9 b) . To further confirm the contribution of this skewed signalosome assembly in KO cells to LAT1-and LAT2-mediated signaling, we next used lentivirus-mediated RNA interference to knock down LAT1 and LAT2 individually in both WT and KO BMMCs. Consistent with previous reports, LAT1 knockdown in WT BMMCs impaired the calcium release but LAT2 knockdown enhanced it. On the contrary, in KO BMMCs, both LAT1 and LAT2 knockdown decreased the calcium release, which indicated that the balance between LAT1 and LAT2 signalosomes is disrupted in the absence of Tespa1 (Fig. 9, c and d) . The reduced percentage decrease of calcium flux caused by LAT1 knockdown in the absence of Tespa1 could be the result of an overcompensated LAT1 signalosome in KO BMMCs. We also noted that LAT2 knockdown caused a more overtly decreased calcium flux compared with LAT1 knockdown in Tesap1 / BMMCs, which suggested that the LAT2-related complementary axis might also be strengthened in the absence of Tespa1. The similar knockdown efficiencies of lat1 and lat2 in WT and KO BMMCs were determined by flow cytometry (Fig. 9 e) . Last, to further confirm the contribution of Tespa1 protein to the unexpected phenotype of Tespa1-deficient BMMCs, we performed a rescue experiment. The overexpression of Tespa1 in Tesap1 / BMMCs by nucleofection reverted the increased FcRI-mediated calcium flux to the level of WT BMMCs (Fig. 9 f) . In sum, these data indicated that Tespa1 deficiency induces skewed LAT1 signalosome assembly compared with that of the LAT2 signalosome upon FcRI stimulation, thus enhancing the final FcRI signaling outcome. DISCUSSION Here, we have described an unexpected negative regulatory function of Tespa1 in FcRI-mediated mast cell activation and allergic responses. The absence of Tespa1 did not affect the development of mast cells but caused them to be hyperresponsive to stimulation via FcRI both in vitro and in vivo.
FcRI-mediated mast cell activation is negatively regulated by several inhibitory mechanisms. The orchestration of the intracellular molecules involved in FcRI signaling executes delicate negative regulation during mast cell activation, and this is critical for preventing excessive inflammation and allergic response. For example, Lyn kinase is thought to be be involved in the discrimination between high-and lowaffinity stimulation mediated different downstream events of mast cell activation through fine-tuning the balance between LAT1 and LAT2.
Compared with the clear phenotype and signaling changes due to Tespa1 deficiency, the molecular mechanism underlying the preferential binding of Tespa1 is still obscure. Sequence analysis suggested that Tespa1, unlike typical other adaptors, lacks conserved protein-protein interaction domains such as SH2 and SH3. There is a potential SH3-binding PPP site and several potential myristoylation sites at the N terminus which might be related to its membrane targeting and signal transduction. It has been reported that Tespa1 directly interacts with inositol 1,4,5-trisphosphate receptor, facilitating the TCR stimulation-induced calcium flux into both cytoplasm and mitochondria . This is incompatible with the phenotype of enhanced FcRI-mediated calcium flux in the absence of Tespa1. The different cell type or a different stimulus affinity might explain this inconsistency. In addition, previous data showed that the phosphorylation of different individual tyrosine residues might endow distinct recruiting ability of LAT1 and LAT2 to form individual signalosomes and the subsequent signaling outcome (Gilfillan and Tkaczyk, 2006) . More work is needed to understand the connection between the individual phosphorylated tyrosine residues of LAT1/LAT2, the individual phosphorylated tyrosine residues of Tespa1, and their binding preference in FcRI-induced signalosome assembly.
In sum, our findings put Tespa1 in a key position in the regulation of FcRI signaling and mast cell-mediated allergic responses. In mast cells, Tespa1 works as an adjusting lever to determine the allocation of signaling molecules to either the LAT2 or the LAT1 signalosome. The preferential assembly of the LAT2 signalosome promoted by Tespa1 might serve as a reservoir to regulate the signal strength of LAT1, i.e., absorbing the signal molecules when the LAT1 signal is too strong, and releasing signals when the LAT1 signal is missing or insufficient. The mast cell plays a key and connective function during allergic pathogenesis. Based on the orchestrating function of Tespa1 in mast cell activation, it can be speculated that the absence, reduced expression, or mutations in this adaptor protein might be a contributing factor in an increased sensitivity to allergens. This thus raises the possibility that strategies to fine-tune the Tespa1 levels might have therapeutic benefits in atopic individuals.
MATERIALS AND METHODS
Mice. Tespa1 / mice were generated by homologous recombination-mediated gene targeting at the Shanghai Research Center for Model Organisms as previously described (Wang et al., 2012) . Mice on a mixed 129 × C57BL/6 background were backcrossed onto the C57BL/6 background for 6-8 generations. Kit w-sh/w-sh mice were from The Jackson Laboratory. All mice were housed in the University Laboratory Animal Center. Animal experiment protocols were approved by the Review Committee of Zhejiang University School of Medicine and were in compliance with institutional guidelines.
Antibodies. FITC-conjugated antibody to mouse CD117 (c-kit) and CD107a, and PE-conjugated antibody to mouse FcRI, were from BioLegend. required for mast cell activation by its ability to phosphorylate several key mediators, but it also negatively regulates FcRI signaling by competing with another kinase, Fyn, and activating SHIP1 phosphatase (Gilfillan and Tkaczyk, 2006) . The balance between the LAT1 and LAT2 signalosomes also contributes greatly to the final outcome of FcRI signaling. Both LAT1 and LAT2 could be phosphorylated by upstream tyrosine kinases and provide potential docking sites for several common and unshared molecules such as Grb2 and Gab2. Our data showed that Tespa1 had priority in associating with LAT2 and facilitated the binding of these signaling molecules with LAT2. In the absence of Tespa1, the binding of the signaling molecules Grb2, PLC-1, and SLP-76 shifted from LAT2 to LAT1, which led to overcompensation of the LAT1 signalosome. At the same time, the vacated potential docking sites on LAT2 might provide an increased binding probability for Gab2 and PI3K, which facilitated the complementary signaling pathway, thus providing another possibility of increased complementary signaling through the enhanced phosphorylation of Gab2. In addition, the contribution of certain phosphatases such as SHIP1 and SHP1 could also be involved in the hypersensitive phenotype in Tespa1-deficient BMMCs.
However, we cannot exclude the possibility that Tespa1 could also deliver a positive signaling based on its function in T cell development and its association with Grb2 signalosome, although this impact might be masked by the overwhelming opposite phenotype in Tespa1-deficient BMMCs. Moreover, except for its enriched expression in T cells and mast cells, Tespa1 was also highly expressed in B cells, which might endow the different, even opposite functions of Tespa1 in distinct cell types and physiological contexts.
We have shown that Tespa1 preferentially binds to LAT2 but not LAT1 in mast cells, and loss of Tespa1 impairs formation of the LAT2 signalosome. In naive T cells, without LAT2 expression, Tespa1 might be involved in the LAT1 signalosome by its interaction with other adaptor proteins such as Grb2 or PLC-1. But in mast cells, LAT2 has binding priority with Tespa1 to control their moderate activation. However, the precise function of Tespa1 in LAT1 or LAT2 signalosome assembly remains an open question. We found that Tespa1 bound directly to PLC-1 but not other signalosome components in the yeast two-hybrid assay (unpublished data), which provides a possible explanation. It is already known that LAT2 lacks a direct PLC-1-binding site like LAT1 and recruits PLC-1 in an indirect manner. This was originally thought to be mediated by phosphorylated Grb2. But the mediation by Grb2 cannot explain the differential allocation of the signaling components to the two different signalosomes because Grb2 binds to both LAT1 and LAT2. Thus, the specific recruitment of PLC-1 onto LAT2 by Tespa1 provides an attractive model to settle this long-lasting controversy.
A very recent study demonstrated that FcRI could discriminate high-from low-affinity stimulation to modulate the events of mast cell activation including receptor cluster size, mobility, distribution, and the cells' effector responses (Suzuki et al., 2014) . This raises the possibility that Tespa1 might also Supernatants were collected 1 h after challenge, and LTC4, D4, and E4 were titrated by competitive ELISA (Neogen). Histamine was measured in cells and supernatants using fluorometric assay (Vennekens et al., 2007) . The percentage of histamine release was quantified by the following equation: histamine in supernatant/(histamine in supernatant + histamine in pellet) × 100.
Migration assays. Mast cell migration assays were performed using matrixcoated polycarbonate filters (8-µm pore size, 24 wells; Transwell; BD). The membrane undersurface was coated with 100 µg/ml fibrinogen in PBS for 1 h at 37°C and blocked with migration buffer (0.5% BSA in -MEM) for 30 min at 37°C. IgE 2.5 × 10 5 anti-DNP-sensitized BMMCs were seeded in the upper wells in 0.2 ml medium and the lower wells were supplied with 0.5 ml medium titrated with different concentrations of DNP-BSA. 6 h later, cells that had migrated into the lower wells were stained with DAPI and counted under a microscope.
Measurement of cell-electrode impedance. The detailed procedures for the xCELLigence system (Roche), also known as the Real-Time Cell Electronic Sensing System (RT-CES; ACEA Biosciences), have been described previously (McPherson et al., 2009) . Briefly, the wells were coated with 100 µg/ml fibrinogen in PBS for 2 h at 37°C and blocked with 0.5% BSA for 30 min at 37°C, and then washed three times with PBS. For time-dependent cell response profile measurements, 50 µl of medium was added to 16-well E-plates to obtain background readings, followed by the addition of 100 µl mast cell suspension (6 × 10 4 cells/well). The E-plates containing the indicated cells were incubated at room temperature for 30 min before being placed onto the reader in the incubator. 1 µg/ml anti-DNP IgE was added to the medium for sensitization. 5 h later, cells were challenged with 100 ng/ml DNP-BSA for 16 h. Impedance as reflected by the CI was recorded continuously.
PSA. WT, Tespa1-deficient, mast cell-deficient (Kit w-sh/w-sh ) and Kit w-sh/w-sh mice that had been reconstituted with WT or Tespa1-deficient BMMCs were sensitized by intravenous injection of 10 µg mouse IgE anti-DNP (SPE-7; Sigma-Aldrich) for 24 h and challenged intravenously with 100 µg DNP-BSA. After antigen challenge, rectal temperature was measured and recorded every 5 min for 100 min with a digital thermometer (Omron). For BMMC engraftment experiments, BMMCs from WT and Tespa1 / mice were cultured, and 6 million cells were injected into mast cell-deficient kit W-sh/W-sh mice via tail vein. Reconstituted mice were housed in pathogen-free circumstance for 16 wk and mast cell reconstitution in these recipients was histologically confirmed by toluidine blue staining of tissues from back skin before PSA experiments.
PCA. Experimental PCA was performed as previously described (Baba et al., 2008) . Mice were injected intradermally with 1 µg (20 µl) IgE anti-DNP in the right ear and 20 µl saline in the left ear. The next day, the mice were challenged by intravenous injection of 100 µg DNP-BSA in 100 µl saline containing Evans blue dye (1%). Extravasation of Evans blue in the ear was monitored for 30 min, and ear biopsies were incubated at 63°C overnight in 700 µl formamide. Formamide extracts were analyzed by measuring the absorbance of Evans blue at 620 nm. Ear-swelling responses were assessed by measurement of ear thickness with a digital thickness gauge (G-1A). Net ear swelling was calculated as the difference in thickness of the right and left ears.
Airway inflammation. WT, and Kit w-sh/w-sh mice that had been reconstituted with WT or Tespa1-deficient BMMCs were sensitized with OVA as previously described (Kopf et al., 2000; Williams and Galli, 2000; Izawa et al., 2012) . Briefly, mice were intraperitoneally sensitized with 10 µg (100 µl) OVA (Sigma-Aldrich) on days 0, 7, 14, 21, 28, and 35 . Then the mice were intranasally challenged with 20 µg (20 µl) OVA or PBS on days 40, 43, and 46. Mice were sacrificed 24 h after the last challenge. BALF was collected. Lung tissues were fixed with 10% formaldehyde and embedded in paraffin. Sections were stained with H&E and PAS (Williams and Galli, 2000; Xiao et al., 2011 ).
Anti-Erk1-Erk2 (9102), antibody to Erk1-Erk2 phosphorylated at Thr202 and Tyr204 (9101), anti-Jnk1-Jnk2 (56G8), antibody to Jnk1-Jnk2 phosphorylated at Thr183 and Tyr185 (9251), anti-p38 (9212), antibody to p38 phosphorylated at Thr180 and Tyr182 (9211), anti-Akt (C67E7), antibody to Akt phosphorylated at Ser473 (D9E), antibody to Zap70 phosphorylated at Tyr319 and Syk phosphorylated at Tyr352 (2701), anti-IB (44D4), antibody to IB phosphorylated at Ser32 and Ser36 (5A5), anti-Lyn (2732), anti-SHIP1 (D1163), antibody to SHIP1 phosphorylated at Tyr1020 (3941), anti-SHP1 (C14H6), and antibody to SHP1 phosphorylated at Tyr564 (D11G5) were from Cell Signaling Technology. Anti-Grb2 (Y237), anti-PLC-1 (EP1898-7Y), anti-SLP76 (EPR2549), antibody to PLC-1 phosphorylated at Tyr 783 (EP1898Y), antibody to Lyn phosphorylated at Tyr507 (EP504Y), antibody to LAT1 phosphorylated at Tyr191 (E225) anti-SHP2, and antibody to SHP2 phosphorylated at Tyr542 (EP508(2)Y) were from Epitomics. Anti-LAT1 (11B.12), LAT2 (NAP-07), and anti-Syk (SYK-01) were from BioLegend. Monoclonal antibody to mouse and human Tespa1 were custom made by Abmart.
Cell cultures. For BMMCs, mouse BM cells were isolated from femurs and cultured in RPMI medium plus 10% (vol/vol) FBS (Gibco) with 10 ng/ml IL-3 (PeproTech) and 10 ng/ml stem cell factor (PeproTech). Half of the medium was replaced with fresh medium with cytokines every 4-5 d during culture. After 4-6 wk in culture, BMMCs were stained to confirm the surface expression of FcRI and c-Kit. Cells with purity >95% were used for subsequent experiments. For BM-derived DCs, mouse BM cells were cultured in RPMI medium plus 10% (vol/vol) FBS (Gibco) with 20 ng/ml GM-CSF (PeproTech) and 2 ng/ml IL-4 (PeproTech). Supplemented medium was replaced every 3 d. On day 6, nonadherent and loosely adherent DCs were purified using MACS columns (Miltenyi Biotec). For BMderived macrophages, mouse BM cells were cultured in RPMI medium plus 10% (vol/vol) FBS (Gibco) with 20 ng/ml M-CSF (PeproTech). On day 4, nonadherent cells were collected and cultured for a further 3 d in the presence of 20 ng/ml of fresh M-CSF (PeproTech). On day 7, adherent cells were collected.
Alcian blue/safranin staining. Cells were cytocentrifuged, air-dried, incubated for 20 min with 0.5% Alcian blue in 0.3% acetic acid, rinsed in water, and incubated for 20 min with 0.1% safranin in 1% acetic acid. Cells were examined under a microscope (IX71; Olympus).
RT-PCR analysis. RT-PCR reactions for evaluation of the expression of IL-3, IL-4, IL-5, IL-9, IL-13, IL-33, IL-1, IL-6, TNF, GM-CSF, MCP-1, MIP-1, RANTES, IL-10, IL-2, TGF-, IFN-, IL-2, MCP-5, MCP-6, and -actin were performed using gene-specific primers. Results were normalized to -actin expression.
ELISA and Multiplex suspension array. BMMCs were incubated overnight at 37°C with 1 µg/ml IgE anti-DNP in 1 ml culture medium and then stimulated for 24 h at 37°C with 10 ng/ml DNP-BSA. The amount of cytokine in the supernatant was determined using a Multiplex suspension array system (Bio-Rad Laboratories) or standard ELISA according to the manufacturer's instructions.
Degranulation assay. BMMCs were incubated overnight at 37°C with 1 µg/ml IgE anti-DNP in 1 ml culture medium and then stimulated for 1 h at 37°C with 10 ng/ml DNP-BSA antigen in 200 µl Hepes-Tyrode's buffer, pH 7.4. Culture supernatants from both stimulated and unstimulated cells were collected and assayed for -hexosaminidase as previously described (Orr and McVicar, 2011) . For analysis of the total -hexosaminidase in cell content, cells were lysed with 0.5% (vol/vol) Triton X-100 in HepesTyrode's buffer. The percentage degranulation was calculated as follows: absorbance of culture supernatant at 405 nm × 100/absorbance of total cell lysate supernatant at 405 nm. LTC4, D4, E4, and histamine release assays. 1 × 10 6 BMMCs were sensitized with IgE anti-DNP and challenged with 5-100 ng/ml DNP-BSA.
Expression constructs and transient transfection of BMMCs. Thy1.1-Tespa1 constructs were transfected into BMMCs using mouse cell line Kit V (Amaxa) and the Nucleofector Device (program T-001; Amaxa). After transfection, cells were allowed to recover for 24 h in medium containing 10 ng/ml IL-3. Cells were then sensitized with anti-DNP-BSA overnight and stimulated with DNP-BSA for calcium flux measurement.
Statistical analyses. The unpaired Student's t test was used for analyses. P values <0.05 were considered statistically significant.
Immunoprecipitation and immunoblot analysis. Cells were lysed in NP-40 lysis buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, PMSF, and protease inhibitor cocktail (Sigma-Aldrich). The lysates were immunoprecipitated overnight at 4°C with the appropriate antibodies. Protein A/G Sepharose beads (Roche) were then added and the samples incubated for an additional 4-5 h. After washing three times, samples were resolved on SDS-PAGE gels (10%) and blotted. For immunoblot analysis, cells were lysed in SDS sample buffer by the addition of 1/4 volume of 5× SDS sample buffer directly into the cell suspensions. Samples were then boiled for 5 min and separated on 10% SDS-PAGE. Immunoblot analyses were done as described.
Ca 2+ measurement. 1 × 10 7 BMMCs were suspended in 1 ml culture medium and sensitized with 1 µg/ml IgE anti-DNP for 6 h. Cells were washed twice with PBS and then loaded with 4 µM Fluo-4 AM (Molecular Probes) for 45 min. Cells were washed again and further incubated in PBS for 30 min at room temperature. 10 ng/ml DNP-BSA was then used to induce calcium flux, which was measured using a flow cytometer (FACSCalibur; BD) to monitor the fluorescent emission.
Immunofluorescence and confocal microscopy. Cells were fixed in prewarmed 4% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100 for 5 min. After blocking with 5% BSA, cells were incubated overnight with anti-Tespa1 (1:50 in PBS containing 5% BSA), anti-Grb2, and anti-LAT2. Staining was detected using DyLight 488-and DyLight 549-labeled secondary antibody (Multiscience). Nuclei were co-stained with DAPI (Roche). Stained cells were viewed under a confocal fluorescence microscope (IX81-FV1000; Olympus).
FRET analysis and image processing. Cos7 cells plated on poly-llysine-coated glass-bottomed dishes (Matsunami Glass Ind. Ltd.) were imaged with an IX81-FV1000 confocal microscope equipped with three photomultipliers (PMTs), a heated-stage CO 2 chamber system, and an objective heater (Olympus) controlled by FV-10ASW software (Olympus). All imaging of living cells was done at 37°C. A water-immersion objective (LUMPlan FLN 60×; Olympus) was used exclusively for image acquisition. Alexa Fluor 546/647 FRET imaging was performed with sequential excitation at 543 nm and collection of donor-Alexa Fluor 546 (excitation, 555 nm; emission, 625 nm) and FRET (>650 nm) emission, followed by 633-nm excitation and acceptor-Alexa Fluor 647 (>650 nm) detection. Settings were kept unchanged for analysis of all samples. Unless otherwise indicated in the figure legends, donor emission was detected on PMT2, and acceptor and FRET emissions were recorded on PMT3. To determine donor and acceptor spectral bleed-throughs in the FRET setting, individual donor-or acceptorstained samples were also imaged. After image acquisition, FRET images were calculated using FV-10ASW and ImageJ software (National Institutes of Health) with the plug-in program PixFRET. The calculated FRET efficiency (E) was as follows: E = 1  I DA /I D , where I DA indicates the fluorescence intensity of pre-bleach donor cells and I D indicates the fluorescence intensity of post-bleach donor cells. E > 0.05 was defined as the threshold level for substantial transfer efficiency.
Flow cytometry for detection of Lat1 and Lat2. 2 × 10 5 BMMCs were spin-infected at 320 g for 90 min at 28°C with 200 µl lentivirus expressing Lat1 (SC-35796-V) or Lat2 (SC-62704-V)-specific shRNA or scrambled lentivirus (Santa Cruz Biotechnology, Inc.) in 10 µg/ml polybrene. Infected cells were cultured for 24 h, and then half of the medium was replaced with fresh medium containing cytokines. 48 h later, BMMCs were sensitized with anti-DNP IgE overnight and stimulated with 10 ng/ml DNP-BSA for calcium flux measurement. Or the cells were fixed with 100 µl IC fixation buffer (eBioscience), and then incubated in the dark at room temperature for 20 min. After two washes with 1× permeabilization buffer (eBioscience), cells were stained with LAT1 or LAT2 antibody at room temperature for 30 min. Cells were stained with APC-conjugated secondary antibody at room temperature for 30 min. Lat1 and Lat2 levels were measured using a flow cytometer (FACSCalibur; BD) to monitor the fluorescent emission.
